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TRENCHES TO REDUCE CHARGING
EFFECTS AND TO CONTROL OUT-OF-
PLANE SENSITIVITIES IN TUNING FORK
GYROSCOPLES AND OTHER SENSORS

FIELD OF THE INVENTION

The present invention 1s related to micromechanical tun-
ing fork gyroscopes, and more particularly to interleaved
comb electrodes 1n micromechanical tuning fork gyro-
SCOpES.

BACKGROUND OF THE INVENTION

The basic theories of operation and construction of tuning,
fork gyroscopes are now fairly well known. Such gyro-
scopes 1nclude a substrate, silicon proof masses with comb
electrodes, position sensitive pick-oils, sense electrodes, and
inner and outer drives with comb electrodes. The proot
masses are suspended above the substrate by a support
flexure which permits movement of the proof masses rela-
tive to the sense electrode, the drive electrodes and the
substrate.

The substrate, which 1s commonly constructed from glass,
has a high electrical resistivity which is partially responsible
for voltage transients which can adversely effect gyroscope
performance. For example, coupling between comb elec-
trodes 1s sensitive to such voltage transients. Additionally,
the transients impart pick-off sensitivity and undesirable
vertical (Z-axis) forces normal to the proof masses. This
vertical force and pickofl sensitivity can (a) degrade tuning
fork gyroscope performance and (b) prevent the tuning fork
gyroscope motor self-oscillator loop from starting.

SUMMARY OF THE INVENTION

In accordance with the present invention, undesirable
substrate voltage transient effects are alleviated by increas-
ing the distance between the interleaved comb electrodes
and the substrate surface. In a tuning fork gyroscope having
drives with 1nterleaved comb electrodes associated
therewith, the distance i1s increased by forming trenches in
the substrate below the interleaved comb electrodes. The
trenches reduce the comb lift to drive ratio.

Trenches improve drive performance 1n two areas. First,
when a glass substrate 1s used 1n a dissolved wafer process,
charges accumulate on the surface of the glass as already
described. Associated voltages then interact with the proot
masses above the exposed glass to adversely effect starting
and stability across temperature. When DC excitation of the
sense electrodes 1s used, the charge induced by the voltage
transients effectively alters the magnitude of voltage sensed
by the motor sense electrodes. The trenches reduce the
cilects of the transient induced charge by effectively increas-
ing the gap between the comb electrodes and the substrate
surface. Second, the interleaved comb electrodes are
intended to exert force parallel to the substrate surface.
However, a dielectric or conducting substrate result in
undesirable electrostatic Z-axis forces which are perpen-
dicular to the substrate surface, and bias stability can thereby
be adversely effected. When charging effects are reduced by
using a conducting substrate such as silicon, electrostatic lift
force from the silicon can be larger than the drive force; a
situation where self drive oscillator performance becomes
impractical. The trenches reduce the Z-axis lift forces by
ciiectively increasing the gap between the interleaved comb

electrodes and the surface of the substrate.

Trenches also offer improved drive performance at a
relatively modest cost. It has been found through experi-
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2

mentation that the undesirable effects of substrate voltage
transients can be reduced by 50 to 65% 1n a gyroscope with
a comb electrode to substrate surface gap of 2.5 microns by
forming trenches with a depth of approximately 6 microns,
1.€., 1Increasing the gap in the trench areca to 8.5 microns.
Advantageously, this improved performance can be
achieved without additional electronics using known wafer
dissolving processes which are particularly cost efficient.

BRIEF DESCRIPTION OF THE DRAWING

These and other features and advantages of the present
invention will be more fully understood from the following
detailed description of the invention 1n which:

FIG. 1 1s a plan view of a tuning fork gyroscope 1n
accordance with the present invention;

FIG. 2 1s a cross sectional view of the gyroscope of FIG.
1 taken along line 1—1;

FIG. 3 1s a plan view of a subsection of the interleaved
comb electrodes of FIGS. 1 & 2; and

FIG. 4 1s a plan view of an alternative embodiment of the
tuning fork gyroscope of FIG. 1.

DETAILED DESCRIPTION OF THE DRAWING

FIG. 1 illustrates a tuning fork gyroscope in accordance
with the present invention. The tuning fork gyroscope
includes outer drives 3a, 3b with comb electrodes 5a, 5b, an
inner drive 7 with comb electrodes 9a, 9b, proof masses 114,
115 with comb electrodes 13a, 135, 13c¢, 134, trenches 154,
15b, 15¢, 15d, a substrate 17 with an upper surface 19, and
a support flexure 21 with drive beams 23, torsion beams 235,
base beams 27 and anchors 29. The proof masses are
suspended above the substrate, and are connected thereto by
the support flexure. The anchors connect the torsion beams
to the substrate. The torsion beams support the base beams,
which 1n turn support the drive beams. The proof masses are
connected to the base beams by the drive beams.

The tuning fork gyroscope functions electromechanically.
In operation, the mnner and outer drives 7, 3a, 3b 1impart a
vibratory motion to the proof masses 11a, 115 through the
comb electrodes. The comb electrodes 5a, 5b of the outer
drives extend outward toward the respective adjacent proot
masses 11a, 115, and are disposed above the surface of the
substrate. The comb electrodes of the adjacent proof masses
11a, 115 extend outwardly towards the respective outer
drives 3a, 3b such that respective outer drive comb elec-
trodes Sa, 5b and proof mass comb electrodes 13a, 13d are
1nt erleaved Comb electrodes 9a, 9b, 13b, 13c between
adjacent proof masses and the inner drive are similarly
interleaved. As such, time varying drive signals V , can be
provided to the inner and outer drives to induce electrostatic
coupling of the drive and proof mass comb electrodes and
thereby 1mpart vibratory motion to the proof masses.

Measurement with the tuning fork gyroscope has been
described with detail in copending U.S. patent application
Ser. No. 08/219,023, entitled ELECTRONICS FOR
CORIOLIS FORCE AND OTHER SENSORS, filed 1 the
name of Paul Ward, which 1s incorporated herein by refer-
ence. Briefly, a DC voltage +_, -V, 1s applied to sense
clectrodes 31 to establish a potential difference so that a
change 1n capacitance between the sense electrodes and the
adjacent proof masses results in a change in charge on the
prool masses. At resonance, proof mass displacement lags
drive force by ninety-degrees. In response to an inertial
input, and specifically to a rotational rate about an 1input axis
coplanar to the plane of vibration, the proof masses deflect
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out of the plane of vibration. Such out-of-plane deflection of
the proof masses occurs at a frequency corresponding to the
resonant frequency of the proof masses and with an ampli-
tude corresponding to the mput rotational rate. Thus, detec-
tion of out-of-plane deflection of the proof masses provides
a measure of the rotational rate.

Voltages applied to the comb electrodes 12a, 12b, 14a,
14b and to the sense electrodes 36 induce both slow transient
and AC voltages 1n the glass substrate, which 1s a dielectric
with loss factor and high, but finite, electrical resistivity.
These voltages tend to degrade tuning fork gyroscope bias

and scale factor versus time and temperature by injecting
current into the proof masses and by applying forces to the
proof masses. The trenches reduce the induced voltages and
their effects on the proof mass, and hence on gyroscope
performance.

The combs are desired to drive or sense motion parallel to
the substrate. With conducting or resistive substrates below
the combs, the combs affect vertical motion. With conduct-
ing substrates, charge transients are not an 1ssue but starting
and degraded performance are significant issues. With non-
conducting substrates, charge transients, starting and
degraded performance are all significant 1ssues. High lift to
drive ratio can degrade performance and even prevent the
tuning fork gyroscope from starting. Lift to drive ratio 1s
higher 1n conducting substrates than in dielectric materials.
The trenches reduce the comb’s lift to drive ratio, a tech-
nique which may be applied to both gyroscopes built on
nonconducting and conducting (e.g., silicon) to allow larger
drive amplitudes.

Turning now to both FIG. 1 and FIG. 2, trenches provide
an 1ncreased distance between the silicon parts and the
substrate, and thereby reduce or eliminate the normal force
and sensitivity. A gap 41 1s defined between 1nner and outer
interleaved comb electrodes 43, 45 and the surface 19 of the
substrate. The undesirable effects of substrate voltage tran-
sients on electrostatic coupling of the comb electrodes 1s at
least 1n part a function of the magnitude of this gap 41. Thus,
in order to reduce the effects of such voltage transients, the
gap 1s increased by forming trenches 154, 15b, 15¢, 15d 1n
the substrate below the mterleaved comb electrodes 43, 45.
The trenches are disposed on the substrate substantially
directly below the interleaved comb electrodes. More
particularly, the interleaved comb electrodes have a length
33, and the trenches extend along the substrate for a length
35 which 1s equal to or greater than the interleaved comb
clectrode length as shown 1n FIG. 1.

Further placement details for the trenches are illustrated in
FIG. 3. The interleaved comb electrodes 43, 45 have three
regions which define width of overlap: region A 1s an
unengaged drive comb electrode region, region B 1s an
engaged comb electrode region, and region C 1s an unen-
cgaged prool mass comb electrode region. Magnitude of
region B 1s directly related to maximum drive amplitude,
1.€., greater width affords greater maximum drive amplitude.
It should be appreciated, however, that regions A—C vary as
the proof mass 1s vibrated, and this variation 1s taken into
account when determining trench placement. In particular,
the trenches are disposed between the substrate and the
comb electrodes such that the trenches have a width 47
orcater than or equal to a maximum operational width of
region B. The term “overlap region” as used herein refers,
therefore, to the maximum operational width of region B.
Further, the trenches are disposed on the substrate substan-
fially directly below the overlap region.

Turning again to FIGS. 1 & 2, the trenches have a box-like
shape with substantially flat walls 37 which are parallel to
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the Z-axis. The trenches have a width 47 which 1s substan-
tially greater than or equal to the overlap region. It will be
appreciated, however, that the shape and dimensions of the
trenches may be varied without loss of the advantages of the
present 1nvention provided separation of the interleaved
comb electrodes and the surface of the substrate 1s increased.

Trench excavation in crystal silicon or glass can be done
by well known techniques such as 1sotropic etching. The
trench may also be formed by reactive 1on etching, chlorine
etching, SF . etching, or anisotropic etching. In the embodi-
ment described above, the trenches have a depth 39 of
approximately 6 um and the gap between the interleaved
comb electrodes and the substrate surface in the trenches 1s
approximately 8.5 um. This arrangement has been found to
reduce the undesirable effects due to substrate voltage
transients by as much as 50-65%. However, it has also been
found that trench depth can be increased to 10 ym or more
in order to further alleviate and even eliminate the effects of
substrate charging. The trenches can also be combined with
other techniques for additional performance enhancement
and flexibility 1n reconciling performance and cost.

Although the tuning fork gyroscope has been thus far
described and 1llustrated with trenches below each set of
interleaved comb electrodes, alternate embodiments are
possible and may present a superior solution for some
applications. For example, to create a tuning fork gyroscope
with variation of 300+ degrees per hour 1t 1s suflicient to
place trenches below the inner interleaved comb electrodes
43 alone, rather than below both the inner and outer inter-
leaved comb electrodes 43, 45.

FIG. 4 1s a plan view of an alternative embodiment of the
tuning fork gyroscope of FIG. 1. In this embodiment
trenches are formed i1n the substrate below the support
flexure. In particular, first, second and third sets of trenches
51, 53, 55 are formed below the drive beams, torsion beams
and base beams, respectively. These additional trenches
further alleviate the undesirable effects of substrate voltage
transients by providing increased separation between vibrat-
ing structures (proof masses, comb electrodes and support
flexure) and the substrate.

It should be understood the 1nvention 1s not limited to the
particular embodiments shown and described herein, but
that various changes and modifications may be made with-
out departing from the spirit and scope of this novel concept
as defined by the following claims.

What 1s claimed 1s:

1. A drive for imparting a vibratory force to a vibrating
member with a driving member, the vibrating member
suspended above a surface of a substrate by a support
flexure, comprising:

first comb electrodes connected to the driving member;

seccond comb electrodes connected to the vibrating

member, said second comb electrodes interleaved with
said first comb electrodes, an overlap region defined
thereby, a gap being defined between the substrate
surface and the interleaved comb electrodes; and

a trench formed 1n the substrate substantially between the
interleaved comb electrodes and the substrate such that
the gap between the substrate surface and the inter-
leaved comb electrodes 1s increased.

2. The drive of claim 1 wherein said trench has a width
dimension which 1s greater than or equal to said overlap
region.

3. The drive of claim 2 wherein said trench has a depth
dimension which 1s from 6 um to 10 um, inclusive.

4. The drive of claim 3 wherein said trench 1s formed by
a dissolved waler process.
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5. The drive of claim 2 wherein said trench has a depth
dimension which 1s greater than 10um.

6. The drive of claim § wherein said trench 1s formed by
a technique selected from the group consisting of reactive
ion etching, chlorine etching, SF. etching and anisotropic
ctching.

7. A tuning fork gyroscope comprising;:

a substrate with a surface;

an outer drive with comb electrodes;

an 1mner drive with comb electrodes;

prool masses with inner and outer comb electrodes, said
proof masses suspended above said substrate by sup-
port flexure, said inner comb electrodes interleaved
with said mner drive comb electrodes and said outer
comb electrodes interleaved with said outer drive comb
clectrodes, an overlap region defined by said inter-
leaved comb electrodes, a gap being defined between
the substrate surface and the interleaved comb elec-
trodes; and

trenches formed 1n said substrate substantially between
said inner interleaved comb electrodes and said sub-
strate such that the gap between said substrate surface
and said inner mterleaved comb electrodes 1s increased.

8. The tuning fork gyroscope of claim 7 wherein said
trenches have a width dimension which 1s greater than or
equal to said overlap region.

9. The tuning fork gyroscope of claim 8 wherein said
trenches have a depth dimension which 1s from 6 um to 10
um, 1nclusive.

10. The tuning fork gyroscope of claim 8 wherein said
trenches have a depth dimension which 1s greater than 10
um.
11. The tuning fork gyroscope of claim 9 wherein said gap
1s 1ncreased by said trenches from about 2.5 um to a gap
from 8.5 um to 12.5 um, inclusive.

12. The tuning fork gyroscope of claim 8 wherein
trenches are also formed in said substrate substantially
between the outer interleaved comb electrodes and the
substrate.
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13. The tuning fork gyroscope of claim 12 wherein said
trenches have a depth dimension which 1s from 6 um to 10
um, nclusive.

14. The tuning fork gyroscope of claim 12 wherein said
trenches have a depth dimension which 1s greater than 10
Hm.
15. The tuning fork gyroscope of claim 13 wherein said
gap 1s 1ncreased by said trenches from about 2.5 um to a gap
from 8.5 um to 12.5 um, inclusive.

16. The tuning fork gyroscope of claim 7 wherein
trenches are also formed in said substrate substantially
between the support flexure and the substrate.

17. In a tuning fork gyroscope having interleaved comb
clectrodes defining an overlap region and a substrate surface
with a gap defined therebetween, a method for alleviating
undesirable effects of substrate voltage transients on gyro-
scope operation comprising the step of:

increasing the gap between the interleaved comb elec-
trodes and the substrate surface by forming a trench 1n
the substrate substantially between the interleaved
comb electrodes and the substrate 1 the overlap region
of the interleaved comb electrodes.

18. In a tuning fork gyroscope having interleaved comb
clectrodes and a substrate surface with a gap defined
therebetween, and a support flexure, a method for alleviating
undesirable effects of substrate voltage transients on gyro-
scope operation comprising the step of:

increasing the gap between the interleaved comb elec-
trodes and the substrate surface by forming trenches
below the interleaved comb electrodes and forming
trenches below the support flexure.

19. The method of claim 17 wherein said step of forming
the trench 1s accomplished by a technique selected from the
ogroup consisting of reactive 1on etching, chlorine etching,
SF. etching and anisotropic etching.
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